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Noradrenaline signals the initiation of brown fat thermogenesis and the fatty acids liberated by the hormone-stimulated lipolysis act as second
messengers to activate the uncoupling protein UCP1. UCP1 is a mitochondrial transporter that catalyses the re-entry of protons to the mitochondrial
matrix thus allowing a regulated discharge of the proton gradient. The high affinity of UCP1 for fatty acids is a distinct feature of this uncoupling
protein. The uncoupling proteins belong to a protein superfamily formed by the mitochondrial metabolite carriers. Members of this family present a
tripartite structure where a domain containing two transmembrane helices, linked by a long hydrophilic loop, is repeated three times. Using protein
chimeras, where the repeats had been swapped between UCP1 and UCP3, it has been shown that the central third of UCP1 is necessary and sufficient
for the response of the protein to fatty acids. We have extended those studies and in the present report we have generated protein chimeras where
different regions of the second repeat of UCP1 have been sequentially replaced with their UCP2 counterparts. The resulting chimeras present a
progressive degradation of the characteristic bioenergetic properties of UCP1. We demonstrate that the presence of the second matrix loop is
necessary for the high affinity activation of UCP1 by fatty acids.
© 2006 Elsevier B.V. All rights reserved.Keywords: Uncoupling protein; Transporter; Mutagenesis; Mitochondria; Fatty acid1. Introduction
The uncoupling proteins (UCPs) are mitochondrial transpor-
ters whose physiological function is to decrease the efficiency of
the mitochondrial oxidative phosphorylation [1,2]. Therefore a
UCP will dissipate energy although the actual molecular
mechanism may vary among the different family members.
Brown fat is a thermogenic tissue used by mammals to maintain
body temperature when cold exposed or to burn an excess of
calories ingested with the diet [3]. The regulation of the
uncoupling protein from brown adipose tissue (UCP1) is well
understood. Purine nucleotides maintain the protein inhibited
while fatty acids override the inhibition and increase the proton
conductance of UCP1. This regulatory mechanism fits precisely
with its physiological context: noradrenaline binds to β-receptors
and initiates a cAMP-dependent lipolytic cascade. The fatty acids⁎ Corresponding author. Tel. +3491 837 3112x4236; fax: +3491 536 04 32.
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doi:10.1016/j.bbabio.2006.05.027liberated serve two functions: they are the substrates that
mitochondria will oxidize but also the activators of UCP1 [3,4].
UCP1 was considered for a long time a unique thermogenic
mechanism only present in this mammalian tissue. However,
since 1997, genes coding for proteins homologous to UCP1
have been described in many phyla within the animal and plant
kingdoms [1]. The physiological function and the acute control
of the activity of each family member are still being elucidated.
However, our current understanding of the data available allows
us to signify three main roles: thermogenesis, maintenance of
the redox balance and diminishing the production of reactive
oxygen species [2]. The UCPs are also members of the protein
superfamily formed by the metabolite carriers of the mitochon-
drial inner membrane [5]. Probably one of the most character-
istic structural features of the superfamily is their tripartite
structure where a domain of around 100 amino acids is repeated
three times. Each repeat contains two hydrophobic stretches
connected by a long hydrophilic loop. The 3D-structure of the
adenine nucleotide translocator [6] has revealed that, despite a
sequence identity among the three repeats lower than 15%, they
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of two transmembrane helices connected by a long hydrophilic
loop that also contains a short α-helix but oriented parallel to the
membrane.
Fatty acids can uncouple respiration in mitochondria from
many different sources and several mitochondrial carriers have
been shown to mediate in this fatty acid effect [7]. However,
mitochondria containing UCP1 are more sensitive to fatty acids
and, therefore, the concentrations required are some two orders
of magnitude lower [8]. Previous reports have pointed out that
introduction of the central domain of UCP1 in UCP3 was
sufficient to confer UCP3 a sensitivity to fatty acids similar to
UCP1 [9]. In the current report we have generated a set of
protein chimeras were portions of the second repeat of UCP2
have been incorporated in UCP1. Our data demonstrate that the
long hydrophilic loop that connects the transmembrane domains
3 and 4 is necessary for the activation of UCP1 by fatty acids.
2. Materials and methods
2.1. Yeast growth, isolation of mitochondria and bioenergetic
characterization
The procedures for the recombinant expression of the rat uncoupling protein
UCP1 in the Saccharomyces cerevisiae strain W303 have been described
previously [10]. The control strain contained the same vector but with the UCP1
cDNA in the inverse orientation.
Yeasts were grown overnight in liquid SG medium (2% galactose, 0.67%
yeast nitrogen base, 0.1% casamino acids, 20 mg/l tryptophan, 40 mg/l adenine)
and mitochondria isolated in the presence of albumin as described previously
[10]. UCP1 activity was evaluated, as previously reported, from the effect of
fatty acids and nucleotides on mitochondrial respiration [10]. Respiration assays
were performed on a Hansatech oxygen electrode. Respiration medium
contained 0.15 mg of mitochondrial protein per ml, 0.65 M mannitol, 2 mM
MgCl2, 10 mM phosphate, 0.5 mM EGTA, 10 μM fatty-acid-free albumin,
10 mM Tris–maleate pH 6.8. Substrate was 1 mM NADH. When indicated
1 mM GDP or 30 μM palmitate (molar ratio 3:1 to albumin; estimated free
palmitate 20 nM [11]) were also present. Protein concentrations were
determined by the Lowry method in the presence of Triton X-100 and SDS
using bovine serum albumin as standard.
2.2. Construction of UCP1 and UCP2 chimeric proteins
Table 1 lists the protein chimeras generated in this study. Site-directed
mutagenesis for the generation of chimeras was made using the QuikChange
site-directed mutagenesis kit (Stratagene, California, USA) according to the
manufacturer's instructions. Sequences of the synthetic oligonucleotides used
are given below. Recombinant expression vectors pYeDP-UCP1 (containing the
cDNA for rat UCP1) and pYeDP-UCP2 (containing the cDNA for mouse UCP2)
have been described previously [10,12].Table 1
List of the protein chimeras investigated.
Chimera Amino acid sequence in wild type
Q-121 UCP1 sequence from Thr97 to Asn 203
Q-212 UCP2 sequence from Lys104 to Thr211
Q-Hx3 115KISAGLMTGGVAVFIG
Q-Hx4 180LMRNVII
Q-Hx3/Q-Hx4 115KISAGLMTGGVAVFIG 180LMRNVII
Q-Lp2 134EVVKVRMQAQSHLHGIKPRYTGTYNAYRVIATTE
The sequences introduced for the generation of the mutants are indicated and the amFor the construction of Q-Hx3 and Q-Hx4, pYeDP-UCP1 was used as
DNA template. Q-Hx3 mutant was obtained after two sequential mutagenesis
steps with oligonucleotides Hx3_A and Q-Hx3. The final product was the
chimeric UCP1 protein containing the UCP2 transmembrane segment 3.
Q-Hx4 was generated from pYeDP-UCP1 as template and the oligonucleotide
Q-Hx4. The construction contained the transmembrane segment 4 of UCP2 in
UCP1 protein. Q-Hx3/Hx4 chimeric protein containing UCP2 transmembrane
segments 3 and 4 was generated using pYeDP-Q-Hx3 as template. The
construction of chimeric protein Q-Lp2 was made from the plasmid pYeDP-
Lp2_A as template. This plasmid had been previously constructed in the
laboratory [13] and contained a UCP1 mutant cDNA named Lp2_A where the
region “Ser144His–Leu–His–Gly–Ile–Lys–Pro” had been replaced by the
corresponding sequence from UCP2 (“Ala–Arg–Ala–Gly–Gly–Gly–Arg”).
Using this plasmid as template, four sequential mutagenesis cycles were
performed with the primers Lp2_ABC, Lp2_ABCD, Lp2_ABCDE and
Q-Lp2, respectively (see below for oligonucleotides sequences). The final
product Q-Lp2 was a UCP1 chimeric protein where the complete second
matrix loop of UCP1 (from Thr133 to Thr177) was replaced by the homologous
sequence in UCP2 (see Table 1 for sequence).
Chimeric proteins Q-121 (containing the second repeat of UCP2 in UCP1
protein) and Q-212 (containing the second repeat of UCP1 in UCP2 protein)
were generated using the two restriction sites Tth111 I, located in the first
cytosolic loop of UCP2, and PflMI located in the second cytosolic loop of
UCP1. Both PflMI and Tth111 I cut just once in UCP1 and UCP2, respectively.
A Tth111 I site was introduced by site-directed mutagenesis into UCP1 at the
exact same location as in UCP2 with primer Q12′ (see below) that also
introduced the substitution of the codon for Thr97 (ATA) by the codon for Ser
(TCT) present in UCP2. A PflMI site was introduced into UCP2 at the exact
location as in UCP1 with oligonucleotide Q12′' (see below) that also changed
the codons for Ala207 (GCC), Asn208 (AAC), Leu209 (CTC), Met210 (ATG)
and Thr211 (ACA) in UCP2 to those at the same locations in UCP1, i.e. His204
(CAC), His205 (CAC), Ile206 (ATA), Leu207 (CTG) and Ala208 (GCA).
Digestion with PflMI and Tth111 I and ligation gave rise to the two chimeric
constructs between UCP1 and UCP2: Q121 (where the region from Thr97 to
Asn203 of UCP1 was replaced by the sequence from Ser102 to Lys206 of
UCP2) and Q212 (where the region from Lys104 to Thr211 of UCP2 was
replaced by the fragment from Gln99 to Ala208 of UCP1). In all cases, the
correct construction of the chimeric proteins was confirmed by DNA
sequencing.
Wild type and chimeric UCP1–UCP2 cDNA sequences, cloned in the
pYeDP-1/8-10 vector, were introduced in the diploid Saccharomyces cerevisiae
strain W303 by electroporation [10]. Expression levels and mitochondrial
targeting were analyzed byWestern blotting of mitochondrial preparations using
polyclonal anti-UCP1 and anti-UCP2 (Calbiochem, Darmstadt, Germany)
antibodies. No differences were detected in expression levels between wild type
proteins and chimeras (data not shown).
Sequences of the oligonucleotides used to generate the protein chimeras:
Hx3_A: 5′-CTTTGGGAAGCCGCCTCTCGGCTGGCAGCAC-
CACGGGTGGCGTG-3′
Q-Hx3: 5′-GCACCACGGGTGCCCTGGCGGTAGCTGTGGCC-
CAGCCCACAGAG-3′
Q-HX4: 5′-CGACTCCTAATGTTGCCAGAAATGCCATCGTCAACTG-
TACAG-3′Amino acid sequence in the mutant
UCP2 sequence from Ser102 to Lys206
UCP1 sequence from Gln99 to Ala208
RLLAGSTTGALAVAVA
VARNAIV
RLLAGSTTGALAVAVAVARNAIV
SLST DVVKVRFQAQARAGGGR-RYQSTVEAYKTIAREEGIRG
ino acid changes underlined. See text for further details.
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CAACTGTACAG-3′
Lp2_ABC: 5′-CAGAGTTATAGCCCGCGAAGAAGGCTTGCGAG-
GACTGTGGAAAG-3′
Lp2_ABCD: 5′-CAGCCCACAGATGTGGTGAAGGTCAGATTC-
CAAGCACAAGCC-3′
Lp2_ABCDE: 5′-GTCGGCGTACCAGAGCACCGTCGAAGCTTACA-
GAG-3′
Q-Lp2: 5′-CACCGTCGAAGCTTACAAGACCATAGCCCGCGAAG-3′
Q12′: 5′-GATTGGCCTCTACGACTCTGTCCAAGAGTACTTC-3′
Q12ʺ: 5′- GATACTCTCCTGAAACACCACATACTGGCAGAC-
GACCTCCCTTG-3′
3. Results and discussion
When UCP1 is expressed recombinantly in S. cerevisiae, it
retains all its functional properties. Thus, mitochondria from
yeasts expressing UCP1 display a basal rate of respiration
higher than control yeast mitochondria and this basal activity
can be fully inhibited by nucleotides [10,11,14]. Additionally,
the presence of UCP1 in yeast mitochondria confers a high
sensitivity to uncoupling induced either by fatty acids or
retinoids such as all–trans-retinoic acid [11,14]. We have
previously reported that when UCP2 is expressed in S.
cerevisiae under the same conditions, mitochondria only show
a modest increase in the basal rate of respiration and that this
increase is not nucleotide-sensitive [14]. Additionally, mito-
chondria containing UCP2 do not show a fatty acid sensitivity
different from that of control mitochondria [14,15]. SeveralFig. 1. Bioenergetic characterization of mitochondria isolated from control yeasts and
rate of respiration; (b) Fold stimulation of the basal rate of respiration after the addi
respiratory rate by 1 mM GDP; (d) Inhibition by 1 mM GDP of the palmitate-stim
determinations performed at least in duplicate. For control, UCP1 and UCP2 10–13groups have reported that expression of UCP3 in S. cerevisiae
leads to an artefactual uncoupling of respiration due to an
incorrect incorporation of the protein to the yeast mitochondrial
inner membrane [16,17]. Under those conditions, UCP3 does
not respond to nucleotides, fatty acids and other regulators.
However, other authors have interpreted the lack of regulation
of UCP3 by nucleotides and fatty acids to a physiological
function different from that of UCP1 [18].
Two reports initiated the exploration of the UCP1 domains
involved in transport by generating protein chimeras that
incorporated regions from either UCP2 [19] or UCP3 [9]. The
reports pointed to an essential role of the central repeat of
UCP1 in its characteristic high sensitivity to fatty acids. We
have also used this approach and we have created six new
protein chimeras (Table 1) that combined regions of UCP1 and
UCP2, to investigate the UCP1 regions involved in the basal
activity, fatty acid activation and nucleotide inhibition. Fig. 1a
presents the basal rate of respiration of mitochondria isolated
from control yeasts and yeasts expressing either UCP1, UCP2
or different protein chimeras. This basal respiratory rate,
determined in the presence of albumin and in the absence of
nucleotides and fatty acids, is a measure of the basal proton
transport activity of the protein [8]. As we have previously
reported [14], under our experimental conditions, UCP2
mitochondria displayed a basal rate of respiration that was
only marginally higher than that observed with control
mitochondria. Substitution of the second UCP2 repeat by itsyeasts expressing either UCP1, UCP2 or the different protein chimeras. (a) Basal
tion of 30 μM palmitate (molar ratio 3:1 to albumin); (c) Inhibition of the basal
ulated respiratory rate. Bars represent the mean±S.E.M. of 3–6 independent
independent experiments were performed.
Fig. 2. Fatty acid sensitivity of protein chimeras that combine regions from UCP1, UCP2 and UCP3. Each of the three repeats that constitute the protein is depicted as a
helix–loop–helix sketch. The short loops linking the three repeats are not drawn. Regions that correspond to UCP1 are coloured in blue, red for UCP2 and green for
UCP3. Data on the fatty acid response of each protein chimera are from (a) current work (b) Chomiki et al. [20] and (c) Hagen and Lowell [9].
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tance. Interestingly, when the second repeat of UCP2 was
introduced in UCP1 (Q-121), the basal activity was lost. Fatty
acids are known to increase the mitochondrial proton
conductance when UCP1 is present. Thus Fig. 1B shows a
1.7-fold increase in respiration upon addition of 30 μM
palmitate (3:1 molar ratio to albumin). UCP2-containing
mitochondria did not respond to fatty acids and the
introduction of the central domain of UCP2 in UCP1
(Q-121) totally blunted the response to fatty acids. However,
as expected, the introduction of the second domain of UCP1 in
UCP2 (Q-212) generated a chimera that was fatty-acid-
sensitive. These results confirmed an essential role of the
central domain of UCP1 in the proton transport activity and the
activation by fatty acids. The ability of nucleotides to inhibit
both the basal and the fatty-acid-stimulated activities was,
nevertheless, lost in the two chimeras (Fig. 1c and d). The
three UCP1 domains participate in the binding of nucleotides
and we have previously shown that mutations in any of the
three domains can lead to the loss of the nucleotide inhibition
[19]. Since UCP2 expressed in yeast is not nucleotide-
sensitive, it is not surprising that the chimeras Q-121 and
Q-212 are not sensitive either.
To explore the role of the different protein regions that
constitute the second repeat of UCP1, four new protein
chimeras were constructed and analyzed (Table 1). Chimera
Q-Hx3 was created replacing the third transmembrane helix of
UCP1 by its counterpart in UCP2. In Q-Hx4, the fourth
transmembrane helix was replaced, while Q-Hx3/Q-Hx4
included the substitution of these two helices in UCP1. Finally,
the chimera Q-Lp2 involved the exchange of the second matrix
loop, defined as the region between the transmembrane helices
3 and 4 (complete sequence in Table 1). Substitution of
transmembrane helix 4 (Q-Hx4) was well tolerated since the
basal activity, fatty acid stimulation and nucleotide inhibition
was maintained. This result can easily be understood since there
are only 5 amino acid changes and they are of similar nature.
Replacement of helix 3 (Q-Hx3) led to a decrease in all the
parameters that are characteristic for UCP1 but mitochondria
were still markedly different from those of UCP2 or control. In
Q-Hx3/Q-Hx4 the effects of the two individual substitutions
accumulated although the protein maintained the basic
phenotype of UCP1, the nucleotide-sensitive fatty acidactivation. The substitution of the second matrix loop led,
however, to an almost complete loss of the distinct properties of
UCP1. Although the step-by-step introduction of UCP2
elements degraded progressively UCP1, we believe that the
properties of the chimera Q-121 can be mainly assigned to the
substitution of the matrix loop.
Fig. 2 summarizes the data on the fatty acid activation of the
chimeras presented here and those previously reported [9,20].
There is full agreement that the central third of UCP1 is
essential for the activation by fatty acids and we can further
conclude that the region comprising amino acids 134–171 is
critical for the action. Within this region there is a conspicuous
histidine pair (His145 and His147), absent in UCP2, proposed
to be part of the proton translocation pathway in UCP1 [21]. We
have, however, reported recently that substitution of residues
from Gln143 to Arg152 with the homologous region in UCP2
leads to no significant changes in the protein's activity or
regulation [13]. The fatty acid binding site in UCP1 has not yet
been identified and our current data do not allow to conclude if
the second matrix loop is involved in binding or in the proton
translocation pathway in which fatty acids participate.
We have long defended that UCP1 has a unique fatty acid
sensitivity that directly correlates with its physiological
regulation [3,4,8,11]. It is noteworthy that UCP1 appears to be
optimized to carry out an efficient fatty-acid-induced nucleotide-
sensitive transport of protons and that introduction of elements
from a closely related carrier leads to a degradation of its
properties. Fatty acids are known to uncouplemitochondria from
all sources and several mitochondrial carriers have been
involved in the mechanism of uncoupling [7]. However, the
concentrations of fatty acids required to observe an increase in
the rate of respiration are some two orders of magnitude greater
in mitochondria without UCP1 [8]. Since fatty acids have been
shown to induce the mitochondrial permeability transition [22],
we have proposed that the carrier-mediated fatty acid effects are
due to a switch in the transport mode that makes them operate as
channels [4,8]. The physiological role of UCP2 is still a matter of
debate. Some authors have pointed out that UCP2 does not
possess a basal proton transport activity and that the presence of
an activator is necessary to observe the uncoupling activity.
Several activators have been described so far. Nevertheless, it
appears that superoxide and other reactive compounds, such as
reactive alkenals, are probably those of more physiological
1296 J. Jiménez-Jiménez et al. / Biochimica et Biophysica Acta 1757 (2006) 1292–1296relevance [23]. Fatty acids have been shown to interact with
UCP2 and, therefore, that UCP2 participates in the fatty-acid
mediated uncoupling [24]. Our data reinforce the idea that UCP1
presents a unique high affinity for this regulatory ligand and that
only the introduction of UCP1 elements in UCP2 (Q-212) leads
to a response to low fatty acid concentrations.
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